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Polysilanes are σ-conjugated conductive polymers with a one-dimensional Si 
backbone and organic substituted side chains. The conventional Wurtz-type coupling 
reaction has been used for preparing various alkyl substituted polysilanes, i.e. poly(di-n-
hexyl)silane and poly(hexylmethyl)silane. For each polysilane examples with methoxy (-
OCH3) and allyl (-CH2CH=CH2) end caps have been prepared. The solution UV 
absorption characteristics of the polysilanes at room temperature have been measured, 
from which the wavelength maximum of the UV-VIS absorption and the absorptivity 
have been obtained. Allyl end capped polysilanes have the same wavelength maximum as 
methoxy end capped polysilanes. However, the absorptivities of allyl end capped 
polysilanes are always higher than those of the methoxy end capped polysilanes, 
presumably as a result of the fact that they contain fewer defects. 
The conformation of poly(di-n-hexyl)silanes with methoxy end caps and 
polysilanes with allyl end caps in polymer networks has been studied. The polymer 
networks have been obtained by cross-linking vinyl terminated poly(dimethyl)siloxanes 
and methylhydrosiloxane-dimethylsiloxane copolymers. The correlation between the 
mechanical properties of the composites and the conformation of the polysilanes in the 
composites has been studied using rheology and UV-VIS spectroscopy. It has been 
determined that the conformation of poly(di-n-hexyl)silane is dependent on the flexibility 
of poly(di-n-hexyl)silane/polysiloxane composites. In addition, the thermochromism of 
the polysilane/polysiloxane composites has been studied. Noticeable differences in the 
transition behavior have been observed in comparison to polysilanes in solution and the 
 xii
 xiii
solid state. The reduced degree of conformational freedom of the polysilanes results in 
different transition temperatures and a shoulder at longer wavelength at high temperature. 
 
CHAPTER 1. INTRODUCTION 
 
The 2000 Nobel Chemistry prize was awarded to three scientists, Alan J. Heeger, 
Alan G. MacDiarmid, and Hideki Shirakawa, for the discovery of a high conductivity 
organic semiconductor, "doped polyacetylene".1 Conductive polymers have been 
developed for many uses, such as in corrosion inhibitors,2 compact capacitors,3,4 antistatic 
coatings,5 electromagnetic shielding of computers,6 piezoelectric sensors3,4 and in smart 
windows7 that can change colors and transparency. Furthermore, research is being done 
on the more sophisticated applications of conductive polymers in transistors,8 light-
emitting diodes,9 lasers,10 solar cells11 and flat television screens. Low cost and flexibility 
are some of the reasons why conductive polymers are attractive. However, for 
commercial applications, the poor processing abilities and the low conductivity of many 
accessible conductive polymers have inhibited their widespread use. In order to avoid 
these disadvantages, composites of conductive polymers and other polymers or inorganic 
materials have been developed. For example, nanocomposite polymer electrolytes based 
on polymer/layered silicates and polymer/inorganic nano particles such as Al2O3, BaTiO3 
have been developed for lithium batteries.12 
In this thesis, polymer composites of conductive polymers (polysilanes) and other 
polymers (polysiloxane and polyacrylate) are described.  
Polysilanes, which are σ-conjugated polymers with a one-dimensional Si 
backbone and organic substituted side chains, have been used in this study as the 
conductive polymer.8 Polysilanes have several advantages over other conductive 
polymers, making them very suitable for the preparation of polymer composites. First of 
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all, functionalized polysilanes are readily accessible. Such polysilanes can be deposited in 
well-organized layers with suitable electrical and optical properties.8,9 Another interesting 
property of polysilanes is that the relationship between the structure and optical 
properties of polysilanes has been well established.8 Therefore, optical spectroscopy of 
polysilanes under given conditions can be used to obtain information about the backbone 
conformations of polysilanes. Finally, polysilanes are transparent in the visible region of 
the spectrum8,9, thus they do not affect the visible optical characteristics of the matrix. 
Polysiloxanes have been used as the second component of the composites. 
Polysiloxanes are used for many industrial applications such as cosmetics, food 
processing materials and medicinal preparations.13 In addition, polysiloxanes exhibit 
excellent mechanical, chemical and thermal stabilities.14 The structure and synthetic 
chemistry of polysiloxanes as well as the curing processes of polymer networks are well 
known.14 Furthermore, the degree of crosslinking of polysiloxanes can be easily 
controlled by adjusting the amount of starting materials. The transparency of 
polysiloxanes and polysiloxane networks also allows the observation of optical properties 
of the conductive polymers.     
As another second component of the composites, polyacrylates have been used. 
Polyacrylates are noted for their outstanding water-clear color.15 This property allows 
polyacrylates to apply where light transmission is needed, i.e. lenses. In addition, the 
stability of their properties upon aging under severe service conditions and ease of 
handling for copolymerization are suitable for this research.        
The research in this thesis focuses on the optical and mechanical properties of 
composites of conductive polymers (polysilanes) and other polymers (polysiloxane and 
 2
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polyacrylate). The optical properties of the polysilanes have been studied using UV-VIS 
spectroscopy. The mechanical properties of these polymer composites have been studied 
with rheology measurements. The research focuses on the establishment of a correlation 
between the optical and mechanical properties of these polymer composites. The goal of 
this research is to examine whether polysilanes can be employed to probe the mechanical 
properties of the surrounding matrix. Through a series of experiments, it appears that this 
is the case and that small amounts of added conductive polymers can provide valuable 




CHAPTER 2. REVIEW OF LITERATURE 
 
2.1 Preparation of Polysilanes 
In the 1920’s, Kipping introduced the first substituted polysilane, 
polydiphenylsilane, which was obtained by a Wurtz coupling reaction with sodium 
dispersion in toluene at reflux temperature (Scheme 2.1).16,17 Since then various synthetic 
pathways have been explored to avoid the disadvantages associated with the original 
synthetic procedures. Examples include the use of potassium and sodium-potassium 
alloy20 as well as graphite potassium as the reducing agent instead of sodium in the Wurtz 
coupling synthesis 21,22  (Scheme 2.2). Although promising results have been obtained, 
sodium has remained the reducing agent of choice, due to hazards associated with the use 
and disposal of potassium.8 However, the Wurtz coupling synthesis continues to have 
some drawbacks8,18: (1) a low irreproducible yield, (2) polymodal molecular weight 
distributions, (3) polymer degradation by the alkali metal, (4) dangerous reaction 
conditions because of alkali metals, (5) the limited number of substituted groups, which 
are resistant to reduction by the alkali metal. In spite of these disadvantages, the Wurtz 
coupling remains the most favorable procedure for the preparation of alkyl and aryl 
substituted polysilanes, which can tolerate the harsh polymerization conditions.8  










Scheme 2.1 General scheme of the Wurtz coupling synthesis (Scheme taken from ref. 16) 





n    2n C8K   +   n +   2n KCl  + graphite 
0 oC
 
Scheme 2.2 General scheme of the preparation of poly(methylphenyl)silane using C8K  
                    (Scheme taken from ref. 21) 
 
For the preparation of more complex polysilanes, a wide variety of experimental 
procedures exists. For example, by modifying the Wurtz coupling synthesis, product 
yields can be improved and the reaction temperature decreased. Modifications mainly 
involve various sacrificial additives and reducing agents. Miller suggested 2 mol % of 
ethyl acetate as a sacrificial additive for increasing the polymer yields in the Wurtz 
coupling procedure.19 In order to avoid vigorous reaction conditions, organolithium 
reagents23,24 at -78 ºC can initiate a catalyzed reaction. However, a significant temperature 
dependence was observed in the results.22,23,24 
 Ring opening polymerization (ROP), first introduced by Matyjaszewski, is an 
alternative procedure.25-28 Especially, 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane 
is a suitable starting compound to obtain poly(methylphenyl)silane (Scheme 2.3).25,26 
Furthermore, anionic ROP of other cyclic silanes has been employed to synthesize more 
complicated polysilanes such as an end grafted polysilane and a silole-incoporated 
polysilane.31,32 Polysilanes have also been prepared by anionic polymerization of masked 
disilenes (Scheme 2.4), and it is reported that the use of alkoxides as initiators gives 
control over the molecular weight of the resulting polymer.29,30  
 
 





















Scheme 2.3 General scheme of the ROP synthesis of poly(methylphenyl)silane (Scheme  




















Scheme 2.4 Scheme of a typical ROP synthesis using a masked disilene (Scheme taken  
                    from ref. 29) 
 
Because of the possibility to polymerize under milder reaction conditions, 
electroreductive coupling has been developed as an alternative method as well. 
Electrolysis of hydrosilane compounds in solvent / electrolyte systems using a platinum 
cathode and anode has been successfully used for the synthesis of 
poly(methylphenyl)silane, poly(diphenyl)silane, and poly(di-n-hexyl)silane (Scheme 
2.5).33,34 In addition, the use of magnesium electrodes under ultrasound was helpful for 
the preparation of various other polysilanes.35,36 However, the need for a separate 
purifying step is a disadvantage.22,36 
Even though alternative procedures may exhibit some advantages over the Wurtz 
coupling for the preparation of functionalized polysilanes, they exhibited also several 
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disadvantages such as complex procedures, complex starting compounds, and the need 
for more purifying steps. The research described in this thesis, does not require the use of 
highly functionalized polysilanes. Instead, alkyl and aryl substituted polysilanes have 
been used. Hence, these polysilanes were prepared using the Wurtz coupling with sodium 













Scheme 2.5 General scheme of the electroreductive coupling synthesis of  
                    Poly(methylphenyl)silane (Scheme taken from ref. 33) 
 
 
2.2 Chromism of Polysilanes 
2.2.1 Thermochromism 
One of the reasons why polysilanes attract substantial attention is the fact that 
they absorb radiation in the ultraviolet due to a σ-σ* electronic transition associated with 
the extensive delocalization of charges along the silicon backbone.37 Furthermore, this σ-
σ* electronic transition is temperature dependent and as a result thermochromism has 
been revealed in solution and in the solid state.8  
The absorption spectra of typical polysilane derivatives depend on the degree of 
polymerization. At low degrees of polymerization, the wavelength maximum of the σ-σ* 
absorption (λmax) and the molar extinction coefficients per Si-Si bond (ε) increase with 
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increasing chain length. However, these optical properties approach limiting values 
around a degree of polymerization of 40-50.8 For example, in poly(n-
dodecylmethyl)silane, an increasing absorptivity was observed with increasing chain 
length, whereas the maximum wavelength was not changed in the higher chain length 




Figure 2.1 Absorption wavelength maxima (λmax (●,○)) and absorptivity (ε (■,□)) as a  
                  function of oligomer/ polymer chain length of n units [(SiR1R2)n]: (●)  
                  Me(Me2Si)nMe; (○) ([n-dodecyl)(Me)Si]n; (■) (PhSiMe)n; (□)([n- 
                  dodecyl)(Me)Si]n (Figure taken from ref. 8) 
 
It has been reported that there are three dominating backbone conformations in 
symmetrically substituted polysilanes, depending on the side chain length of the alkyl 
groups: (1) a 7/3 helical structure for di-n-pentyl and di-n-butyl derivatives.38,39 (2) a 
planar zigzag backbone for  di-n-hexyl, di-n-heptyl, and di-n-octyl derivatives.40,41 (3) a 
TGTG’ backbone conformation for di-n-tetradecy derivatives.42 In the solid state, each 
conformation gives a different form of thermochromism. This thermochromism is caused 
by a reversible phase transition from an ordered phase to a more disordered phase.42 
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Usually, the wavelength maximum of the solid state UV absorption of poly(di-n-
pentyl)silane and poly(di-n-butyl)silane does not change because the backbone structure 
is preserved in a 7/3 helical conformation.39 However, polysilanes with a planar zigzag 
backbone or a TGTG′ backbone show a dramatic change in the UV absorption 
characteristics, caused by a transition from the original ordered phase to a more 
disordered helical phase at the phase transition temperature.40,42 
 
 








Figure 2.2 UV spectrum of a thin film of poly(di-n-hexyl)silane on a quartz wafer:  
                  (a) film heated and then returned to 30 ºC for 120 min; (b) film heated and  
                   then returned to 30 ºC for 90 min; (c) film heated at 100 ºC for 2 min (Figure  
                   taken from ref. 40) 
 
Asymmetrically substituted polysilanes show various degrees of intra- and 
intermolecular disorder due to the mismatch of side chain length, which can cause 
conformational disorder in the backbone.55 For example, the UV absorption maximum of 
symmetrically substituted poly(di-n-hexyl)silane at room temperature in the solid state is 
374 nm and the transition temperature is 42˚C (Figure 2.2). However, in poly(n-pentyl,n-
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hexyl)silane and poly(n-octyl,n-hexyl)silane, the transition temperatures are -20˚C and -
5˚C respectively. In addition, their UV absorption maximum at low temperature has 
shifted to 350 nm because the mismatch results in interruptions of the trans planar 
backbone.55 Other polysilanes such as poly(5-(ethoxypentyl)-n-hexyl)silane and poly(5-
(ethoxypentyl)-n-propyl)silane exhibit upon cooling initially a continuous red shift, 
which is followed by an abrupt thermochromic shift.47 In both cases, the low temperature 
UV absorption maximum is also 350 nm.     
In solution, some polysilanes also show thermochromism. For example, poly(di-
n-hexyl)silane exhibits an obvious and reversible bathochromic shift (Figure 2.2).43 The 
solution thermochromism can be abrupt or continuous, depending on a variety of physical 




Figure 2.3 Temperature-dependent UV spectra of poly(di-n-hexyl)silane in hexane  
                  (Figure taken from ref. 43)  
 
The Schweizer theory44 is frequently used for describing the thermochromism of 
conductive polymers in solution. As mentioned above, the -delocalized electrons of the 
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silicon backbone play an important role in the UV absorption phenomena. The driving 
force of thermochromism may be the complex interaction between σ-delocalized 
electrons and the surrounding polarizable local medium such as solvent molecules, side 
chains, and neighboring polymer chains in solution. In the solid state, only the 
hydrocarbon side chains act as the surrounding polarizable local medium.8,45,46 For 
solution thermochromism, Schweizer introduced two parameters: the backbone 
delocalized electron contribution to the attractive polymer-solvent dispersion interaction 
per Si-Si bond, VD, and the mean free energy of rotational defect formation, ε. In 
addition, the ratio VD / ε as the coupling constant controls the type of thermochromic 
behavior, which may include either an abrupt or continuous thermochromism.44 For 
example, (VD / ε)C = 0.37 is the empirical critical value found for polysilanes, which 
means that polysilanes with (VD / ε) > 0.37 show abrupt thermochromism.44,45 On the 
other hand, a continuous shift is observed when (VD / ε) < 0.37. A high value for (VD / ε)C 
is not uncommon for polysilanes, since many polysilanes have high values for VD due to 
the σ-delocalized electronic structure and small values for ε as a result of the inherent 
conformational flexibility of the Si-Si bond. An excellent example of abrupt solution 
thermocromism is observed in poly(di-n-hexyl)silane (Figure 2.3). 
A substantial amount of experimental data and theoretical models has been 
published on the thermochromism of different types of polysilanes.45,46,48-50,52 For 
example, West et al. observed side chain effects on thermochromic transition temperature 
with (RMeSi)n polysilanes.45 It is noteworthy that the coupling constant (VD / ε)C is 
usually lower in asymmetrically substituted polysilanes. The increased disorder in such 
polymers leads to lower VD values as well as an increased rotational barrier, i.e. higher ε. 
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45 For example, a solution of poly(methylhexyl)silane exhibits a continuous bathochromic 
shift upon cooling.  
2.2.2 Piezochromism 
Piezochromism, the effect of pressure on the UV spectrum, is also a well-known 
chromic property of polysilanes. Similar to thermochromism of polysilanes in the solid 
state, piezochromism is also related to structural backbone changes.42,53,54 
Poly(di-n-pentyl)silane having 7/3 helical backbone conformation showed abrupt 
red shifted piezochromism above 4 Kbar, which indicates a complete conformation 
change and a reverse piezochromism was observed when the pressure was removed.42 
Basically, forced pressure reduces the available volume for poly(di-n-pentyl)silane, 
which results in a conformational transition from a 7/3 helix to a more dense planar 
zigzag structure. This causes the red shift of the UV absorption indicating an increase in 
σ-conjugation. It is noteworthy that the application of much higher pressures causes a 
distortion of the planar zigzag structure by compression along the silicon chain.42 At such 
high pressures, this further deformation of the backbone results in a blue shift of the UV 
absorption maximum, which reflects a decrease in the effective σ-conjugations (Figure 
2.4). In polysilanes with a planar zigzag backbone53 and a TGTG′ backbone,42 only a 
continuous blue shift was observed as can be seen in Figure 2.5. This indicates that 
compared to polysilanes with 7/3 helical backbone conformation which exhibits a 
noticeable red shift, there is not enough space for a more ordered conformation, and 
forced pressure only causes the planar zigzag backbone as well as the TGTG′ backbone 
to become somewhat distorted.42  
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Figure 2.4 UV spectrum of poly(di-n-pentyl)silane as a function of pressure (Figure taken  






Figure 2.5 UV spectrum of poly(di-n-hexyl)silane as a function of pressure (Figure taken  
                  from ref. 42) 
 
Another report54 describes a similar piezochromic effect on the silicon backbone 
structure for asymmetrically substituted polysilanes. Examples indicate that poly(n-
pentyl,n-hexyl)silane and  poly(n-hexyl,n-heptyl)silane can both exist with a 7/3 helical 
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and a planar zigzag backbone conformation. In these cases, the backbone conformation 
was the most important factor determining the presence or an absence of piezochromism. 
With increasing pressure, poly(n-pentyl,n-hexyl)silane, which has a 7/3 helix backbone 
conformation at ambient pressure exhibits an abrupt red shift followed by a continuous 
blue shift upon increasing pressure. On the other hand, poly(n-pentyl,n-hexyl)silane 
without a 7/3 helix backbone conformation only showed a continuous blue shift of the 
UV absorption.  
2.3 Optic Property and Electron Structure of Polysilanes 
The modified Huckel molecular orbital theory known as Sandorfy C model 
provides a basic understanding of the opto-electronic properties of polysilanes.8,56,57 In 
this model, only two important interactions between silicon orbitals in the backbone are 
considered.8,56,57 First, βvic is a resonance vicinal integral between two sp3 orbitals located 
on adjacent silicons. This interaction is responsible for splitting each pair of basis orbitals 
into a bonding σSiSi and an antibonding σ*SiSi localized molecular orbital.8,56,57 Another 
weaker resonance integral is βgem between two sp3 hybrids located on the same silicon 
atom.8,56,57 From these two integrals and their ratio βgem / βvic, the degree of electron 
delocalization in the backbone can be estimated.8,56,57 According to this method, values 
for polysilanes are βvic = –1.9±0.1eV, βgem = –1.67±0.02eV, and βgem / βvic =0.87.57 The 
corresponding values for alkanes are βvic = –2.5±0.2eV, βgem = –1.90±0.002eV, and βgem / 
βvic = 0.76.57 Although this seems to indicate that there is only a small difference in 
behavior between polysilanes and alkanes, in reality the difference is substantial, causing 
polysilanes to be (semi)conductors and alkanes to be insulators.8  
 





Figure 2.6 The σ-conjugated linear chain of interacting Si 3sp3 orbitals in a polysilane  
 
To better understand the σ-conjugation in polysilanes, more elaborate models 
involving additional overlap integrals have been explored. Such models give an excellent 
description of the degree of conjugations as well as the previously discussed chromic 
properties. In addition, to understand more complicated structures of polysilanes with 
organic side chains, substituted effects and conformational effects have been studied 
using these models.8,56-59  
2.4 Synthesis Chemistry of Polysiloxanes        
Commercially, chlorosilanes are prepared in a direct synthesis by reacting 
methylchloride and silicon at high temperature.14 Subsequently, polysiloxanes can be 
obtained from these chlorosilanes by hydrolysis followed by ring-opening 
polymerization. In the chlorosilane hydrolysis, both linear and cyclic oligomers are 
formed.60 The ratio of these two oligomers is dependent on the hydrolysis conditions such 
as concentration, pH, and solvent.61 However, since hydrolysis only yields low molecular 
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weight polysiloxanes, a ring opening polymerization with an acid or a base catalyst is 
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Scheme 2.7 Ring opening polymerization of cyclosiloxanes (Scheme taken from ref. 60) 
 
The simplest and most common silicones are the trimethylsilyloxy terminated 
polydimethylsiloxanes. Usually, the repeating unit -(Me2SiO)- is referred to with the 



















  M                                 D                                 T                                    Q         
Figure 2.7 The repeating units of polysiloxane (Figure taken from ref. 14) 
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Hydride functional siloxanes can undergo three types of chemical reactions, i.e. 
hydrosilylation, dehydrogenative coupling, and hydro transfer. Methylhydrosiloxane-
dimethylsiloxane copolymers, which are reactive hydride functional polysiloxanes are 
obtained using the ring-opening polymerization of tetramethylcyclotetrasiloxane and 
hexamethyldisiloxane. Subsequently, re-equilibration of these oligomers with existing 
polymers will give the silicon-hydride containing polysiloxanes.61  
In this research, polysiloxane networks of methylhydrosiloxane-
dimethylsiloxanes, vinyl terminated polysiloxanes and polysilanes have been prepared by 
hydrosilylation with a platinum catalyst. This method is well established for the 
























                                                                                  





Scheme 2.8 The cross-linked polysiloxane network (Scheme taken from ref. 60) 
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2.5 Synthesis Chemistry of Acrylic and Methacrylic Ester polymers 
Acrylate and methacrylate esters are unsymmetrically substituted ethylenes, with 
R=H for acrylates and R=CH3 for methacrylates (Scheme 2.9).15 The R and R′ groups 







R = H for acrylates or R = CH3 for methacrylates 
Scheme 2.9 Formula of acrylate and methacrylate esters (Scheme taken from ref. 15) 
 
Acrylate and methacrylate monomers are moderate-to-high boiling liquids, which 
can be directly polymerized and are also suitable for copolymerization with other 
monomers. The properties of the polymers can range from those of tacky adhesives, to 
rubbers, tough plastics and hard powders. The acrylic polymers tend to be soft and tacky, 
whereas the methacrylic polymers tend to be hard and brittle.15 In spite of the fact that 
acrylate and methacrylate monomers are relatively expensive, their unique stability, their 
straightforward processes for copolymerization and the excellent performance in 
applications compensate for their cost.  
Acrylic and methacrylic ester polymers are usually prepared in a free radical 
polymerization. Free radical initiators, such as peroxides, are used to initiate the 
polymerization. This polymerization follows a classical chain mechanism.  The chain 
propagation step entails the head-to-tail growth of the polymeric free radical by attack on 
the double bond of the monomer (Scheme 2.10).15 Acrylate and methacrylate 
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polymerizations are noticeably inhibited by oxygen (Scheme 2.11).15 Therefore, 




























C n + +1
 
R″ = free radical initiator  
 
Scheme 2.10 Free radical polymerization of acrylic and methacrylic esters (Scheme taken  




















C n + O2
R″ = free radical initiator 
 
Scheme 2.11 Inhibition of acrylate and methacrylate polymerizations by oxygen (Scheme  
                      taken from ref.15) 
 
2.6 UV-VIS Absorption  
Ultraviolet-Visible absorption spectrophotometry is a useful analytical method to 
gather information about the molecular structure of materials. This is a result of the fact 
that different structures of polyatomic species usually show different amounts of UV-VIS 
absorption with one or more distinct absorption peaks. In general, Beer’s law, which can 
be easily derived by a mathematical model, describes the relationship between amount of 
ultraviolet absorption by and the concentration of absorbing species.62-64 The 
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infinitesimal change of the wavelength beam power passing through sample due to 
species absorption of the incident beam dP is proportional to an infinitesimal length of 
sample dx, the concentration of the absorbing species C, and the incident wavelength 
beam power Px. This idea can be expressed by a next simple equation (2.6.1) with the 











Figure 2.8 Decrease in radiant power P0 upon passing through a solution of length b and  
                 with a concentration of absorbing solute, C (Figure taken from ref. 63) 
 
                                                         CdxkPdP x−=                                                     (2.6.1) 
where dP =  the infinitesimal change of the wavelength beam power 
           k = the proportionality constant 
          Px = the incident wavelength beam power  
          C = the concentration of the absorbing species 
The above equation (2.6.1) can be rearranged and integrated over the entire length of the 
sample, b. 




=−                                                   (2.6.2) 









  ∫−                                                 (2.6.3) 
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where P0 = the wavelength beam power at x = 0 
          P = the wavelength beam power at x = b 
          b = the whole length of the sample 
The result of this integration gives Beer’s law with A, representing a logarithmic ratio 
between the incident wavelength beam power and the output wavelength beam power 
after passing through sample and the molar absorptivity, ε, as shown in (2.6.4) and 
(2.6.5).   





  0 ==log                                       (2.6.4) 
                                                                 bCA ε  =                                                      (2.6.5) 
where ε  = the molar absorptivity 
          A = the absorbance 
Molar absorptivity is a characteristic property of a material with  units at 
any given wavelength.  
11 −− ⋅⋅ cmmolL
2.7 Rheometer 
Usually, mechanical properties of polymers such as viscosity, shear stress, elastic 
(or storage) modulus, and viscous (or loss) modulus are evaluated using rheology, using 
the viscometry and an oscillatory mode of a rheometer. The rheometer includes various 
sub-systems according to geometry of equipment.  
2.7.1 Viscometry Mode 
Two important properties, viscosity and shear stress, can be obtained with the 
rheometer operating in viscometry mode, which is characterized by a continuous 
rotational motion of the samples. In this research, two types of viscometry systems have 
been employed: the concentric cylinder measuring system for liquid and low viscosity 
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polymers and parallel plate measuring system for solid polymer films and high viscosity 
polymers.  
2.7.1.1 Concentric Cylinder Measuring System 
The concentric cylinder measuring system consisting of an inner cylinder (or bob) 
and an outer cylinder (or cup) is one of the oldest viscometry arrangements (Figure 2.9). 
The rotation of an outer cylinder gives an angular velocity to polymers inside. An 
analysis of this system starts with the continuity and Navier-Stokes equations in 











Figure 2.9 The concentric cylinder measuring system 
 
The continuity equation is given in equation (2.7.1).  
                                                                 ∇ 0=⋅νr
r
                                                      (2.7.1) 
The Navier-Stokes equations in cylindrical coordinates (r, θ, z) are given in equation 
(2.7.2), (2.7.3) and (2.7.4). 
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µρ θ=      (2.7.2) 
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µρ=                     (2.7.4) 
Assumptions of steady sate and symmetry of the flow geometry gave an equation 
(2.7.5) and laminar flow of incompressible fluid with neglecting vortex formation 
induced no radial and no vertical fluid motion in equation (2.7.6). 








                                             (2.7.5)    
                                                                 0=rv ,  0  =zv                                              (2.7.6) 
Using the above assumptions, the Navier-Stokes equations can be simplified for any fluid 
flowing in the concentric cylinder measuring system in (2.7.7), (2.7.8) and (2.7.9). 









θρ                                                   (2.7.7) 









                                  (2.7.8) 
z component                                                      zgz
p ρ−=
∂
∂                                          (2.7.9)                
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According to a Newton’s postulate, there is a proportional relationship (2.7.10) between 
shear stress (σ) and velocity gradient (or shear rate) (γ& ) with the constant called 
coefficient of velocity (η).  
                                                           γηησ &⋅=⋅=
d
U                                                   (2.7.10) 
Furthermore, equations (2.7.5) and (2.7.6) imply that in the concentric cylinder 
measuring system, shear stress (σ) is equal to the θ-directed stress θτr . Shear rate 
expression (2.7.11) and a Newton’s postulate (2.7.9) gave shear stress in (2.7.12).  











dr θωγ&                                             (2.7.11) 















drr θθ ηγητσ &                                       (2.7.12) 
θ component of the Navier-Stokes equations (2.7.8) should be solved with two following 
boundary conditions to achievev , θ γ& , and σ . 











                                               (2.7.13) 
           Boundary conditions:         ωθ 1rv =                   at 1rr =  
                                                       0=θv                     at 2rr =  
where       r  = an inside diameter of cup 1
                 r  = a diameter of bob 2
                 ω  = an angular velocity of cup 
If the solution of (2.7.13) is substituted into (2.7.11) and (2.7.12), final expressions of v , θ
γ& , and σ  appear in (2.7.14), (2.7.15) and (2.7.16).  
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1v                                             (2.7.14) 




















ωγ&                                                (2.7.15)  


























ωηγητ θ &                                      (2.7.16) 
Equation (2.7.15) can be simplified by substituting b as the ratio of  and r  at . In 
addition, the torque T for rotating the outer cylinder may be calculated according to 
equation (2.7.18). 
1r 2 2rr =







































ωωωγ&                             (2.7.17) 
                                                              T                                         (2.7.18)              θτπ rLr
22=
            It should be noted that (2.7.14), (2.7.15), (2.7.16), and (2.7.17) are only applied to 
Newtonian fluids which follow the relationship between shear stress and velocity 
gradient (or shear rate) (2.7.10) of Newton’s postulate. The power-law model, also 
known as the Ostwald-de Waele model is one of numerous rheological equations for non-
Newtonian fluids.66 It is reported that when b, ratio of r  and , is bigger than 0.97, this 
empirical model with two constants, which are the power-law index, n, and the 
consistency, K, is a convenient way to establish the shear rate and the shear stress in the 
concentric cylinder measuring system.
1 2r
66 Substituting the power-law equation (2.7.19) 
into (2.7.12) and (2.7.13) yields (2.7.20) and (2.7.21) with same boundary conditions.      
                                                                  [ ]  nK γσ &⋅=       (power-law model)           (2.7.19) 
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rKK nr θθ γτσ &                                   (2.7.20) 
































θ                                      (2.7.21) 
        Boundary conditions:          ωθ 1rv =                    at 1rr =  
                                                     0=θv                      at 2rr =              
Using equations (2.7.14), (2.7.15), (2.7.16) and (2.7.19), an expression for the velocity of 
θ component and the shear rate become in the power-law model can be formed (2.7.22), 
(2.7.23) and (2.7.24). 

























11ωθv                                        (2.7.22) 



























2112ωτ θ                                      (2.7.23) 
















2112ωγ&                                          (2.7.24) 
Substitution of b, the ratio of r  and r  at r1 2 2r=  into expression (2.7.24) yields equation 
(2.7.25). 





































ωωωγ&                       (2.7.25) 
2.7.1.2 Parallel Plate Measuring System 
There are two disks in the parallel plate measuring system (Figure 2.10): a upper 
stationary disk and a lower rotating disk. This system was developed for rheological 
measurements of rubbers and molten plastics. In our research, high viscosity polymers 
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and solid polymer films were mounted between two disks to check viscosity and shear 
stress values. Similar to the concentric cylinder measuring system, a cylindrical 
coordinated system may be applied for analysis. After simplifying, identical governing 







Figure 2.10 The parallel plate measuring system 
 











                                               (2.7.26) 
        Boundary conditions:          ωθ Rv =                   at Rr =  
   0=θv                      at 0=r  
where       R = a diameter of disk 
                 ω  = an angular velocity of cup 
 
Generally, the shear rate at the edge of disk for torsional flow between parallel plates is 
given by (2.7.27). 
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ωγ =&                                                     (2.7.27) 
Equation (2.7.27) implies that the shear rate is not dependent on the viscometric functions 
but dependent on the geometry of the system, i.e. the radial distance and the gap. Using 
the cylindrical coordinate system, the torque to the plate may be evaluated by (2.7.28). 


















&&T                            (2.7.28) 
Rearranging and differentiating (2.7.28) with respect to Rγ&  gives (2.7.29) and the 
proportional relationship between shear stress and velocity gradient (or shear rate) 
(2.7.10) with (2.7.27) and (2.7.29) yields the viscosity (2.7.30).  


















3                                      (2.7.29) 





















                                       (2.7.30) 
It is reported that above two equations (2.7.29) and (2.7.30) with power law exponent 
(2.7.19) become simply (2.7.31), (2.7.32) and (2.7.33).67 




lnn ~                                                      (2.7.31) 














σ                                                  (2.7.32) 














η                                               (2.7.33)       
2.7.2 Oscillatory Mode 
The most important advantage of rheological measurements in the oscillatory 
mode is the wide frequency range, usually from 10-3 s-1 to 103 s-1. This is useful for 
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viscoelastic materials, which have low deformation in a large shear rate range. Figure 
2.11 depicts a common oscillatory mode setup, which is virtually identical to the parallel 
plate viscometry mode. The materials to be evaluated are mounted between an upper disk 
and a lower disk, which gives a harmonic oscillation force. This force is transmitted to a 
torsion bar through the material and an upper disk. During the measurements, the 
amplitude ratio of the motions of the two disks and the associated phase lag are 
evaluated. The obtained values are used to determine the dynamic viscosity and the 







Figure 2.11 Oscillatory mode (parallel plate) 
 
If the imposed frequency of an oscillatory mode for obtaining an elastic (or 
storage) modulus and a viscous (or loss) modulus is given by the exponential function 
with a frequency, ω, and strain amplitude, 0γ , simple expressions for the strain and the 
strain rate are obtained, equations (2.7.34) and (2.7.35) respectively. 
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                                                         )exp()( 0 tit ωγγ =                                            (2.7.34) 
                                                       )exp()( 0 tiit ωωγγ =&                                          (2.7.35) 
where      ω = frequency 
               0γ = strain amplitude 
Substitution of equation (2.7.35) into the generalized Maxwell model (2.7.36), which is 
one of the simplest models for linear viscoelasticity, yields equation (2.7.37). 
                                             γηστσ && =+     (Maxwell model)                                 (2.7.36) 






)exp(                                  (2.7.37) 
The definition of the complex shear modulus G* in equations (2.7.38) and (2.7.39) 
directly gives expressions for the elastic modulus G′ and the viscous modulus G″ in 
equations (2.7.40) and (2.7.41). 
                                                        )()(*)( tGt γωσ ⋅=                                           (2.7.38) 
                                                               G "'* iGG +=                                               (2.7.39) 





=′G                                              (2.7.40) 
                                                            ( )221 τω
ηω
+
=′′G                                               (2.7.41) 
Furthermore, a phase lag is observed between the strain and the stress. This is clearly 
demonstrated when (2.7.37) is rewritten as (2.7.42). 
                                                          
                                                        [ ])(exp0 δωσσ += ti                                        (2.7.42) 
where      δ = phase lag 
 30  
If (2.7.34) and (2.7.42) are substituted into the rearranged equation of (2.7.38), a single 
expression for the complex modulus is obtained in (2.7.43). 










σ ii +===G                       (2.7.43) 
In comparison with (2.7.39), (2.7.44) gives an additional expression of linear viscoelastic 
response, which consists of an elastic modulus, a viscous modulus and the phase lag.  
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CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS 
 
3.1 Synthesis of Polysilanes 
The conventional Wurtz-type coupling reaction was used for preparing various 
alkyl and aryl substituted polysilanes. Our procedure for the Wurtz-type polymerizations 
has two steps: the preparation of dry toluene and the polymerization of polysilanes from 
the corresponding monomers. 
3.1.1 Preparation of Dry Toluene 
Dry toluene is used in the Wurtz-type polymerizations because silicon chloride 
monomers are very sensitive for H2O, which can produce HCl gas according to Scheme 
3.1. 
SiR2Cl2 + 2H2O → SiR2(OH)2 + 2HCl 
   
                      Scheme 3.1 Reaction of silicon chloride monomers and H2O 
 
In order to remove dissolved H2O and O2 from toluene, sodium (Na, 30g), toluene 
(1000mL), and benzophenone ((C6H5)2CO, 3g), which has a white color, are combined in 
a 2000mL distilling flask under an argon atmosphere. The sodium will react with any 
traces of H2O present according to Scheme 3.2. 
 
Na + H2O → NaOH+1/2H2 
 
Scheme 3.2 Reaction of sodium and H2O 
 
When the mixture is heated to reflux temperature, a dark blue color can be 
observed, which originates from the radical anions of benzophenone (Scheme 3.3). These 
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radical anions are produced in the reduction of benzophenone by sodium (Na) and they 
react readily with H2O and O2. Therefore, the presence of the blue color is an indication 
that the toluene is free from these contaminants. If the dark blue color disappears, more 
sodium is needed. Toluene is distilled from this mixture and stored under inert 
atmosphere.  
BP + Na → BP· + Na+ 
 

































Figure 3.1 The schematic apparatus to obtain dry toluene  
 
 
3.1.2 Polymerizations  
Under an argon atmosphere, sodium (6.53g, 0.28 mol) was combined with dry 
toluene (250mL) and 12-crown-14 (C8H16O4, 0.94g, 0.006 mol) as a catalyst in a two 
necked round bottom reaction flask. The mixture was heated to reflux temperature and 
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the monomer (0.15 mol) in toluene (100mL) was added in 20 minutes under rapid 
stirring. Gradually, the color of solution changed from colorless to pink to purple, as a 
result of the presence of a very small amount of residual Na in a NaCl matrix. The 
reaction was continued for 2 hours at reflux temperature after which it was cooled with 
an ice bath (Figure 3.2).  










R1, R2 = alkyl or aryl groups 
 
Scheme 3.4 General scheme of the Wurtz coupling synthesis 
 
Subsequently, the reaction mixture was quenched in two different ways. For the 
first method, methanol (40mL) was slowly added to the reaction mixture to eliminate the 
excess sodium (Na) (Scheme 3.5) and to introduce methoxy end caps (–OCH3) to the 
polymer (Scheme 3.6). The second group of polymers was made with allyl end groups ((-
CH2CH=CH2). In order to functionalize the polymers with double bond end caps, an 
excess allylmagnesiumchloride (MgClC3H5, 0.015mol) was added instead of methanol 
(Scheme 3.7). Upon completion of the end cap reaction, a litmus test on an aliquot of the 
reaction mixture with added water turns blue due to basic by-products.  
 
2Na + 2CH3OH → 2Na(CH3O) + H2 












Scheme 3.6 Termination with methoxy end caps 
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Figure 3.2 The polymerization apparatus 
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The polymers were precipitated from the reaction mixture by the addition of 
methanol (350mL). After the appearance of precipitated polymers, a vacuum filtration 
was used to isolate the solid polymers. After filtration, the polymer was rinsed with 
methanol (3×40mL), water (3×40mL) and methanol (3×40mL) respectively. Any 
remaining solvent was removed under vacuum. Table 3.1 lists the various synthesized 
substituted polysilanes and their yields. Furthermore, the molecular weight of polysilanes 
has been measured using gel permeation chromatography (GPC). In all cases high 
molecular weight material (MW > 105) was obtained. Sodium and benzophenone were 
supplied by Aldrich. Dichlorodi-n-hexylsilane and dichlorohexylmethylsilane were 
supplied by Gelest.  
 
Table 3.1 Synthesized polysilanes with yields and molecular weights 
Monomer 
Polymer 





























3.2 Polysiloxane Networks  
3.2.1 Hydrosilylation Reaction  
For the preparation of the polymer nanocomposites, a suitable matrix was chosen 
in which the polysilanes were embedded. The silicone matrix was prepared from vinyl 
terminated polydimethylsiloxanes (A) and methylhydrosiloxane-dimethylsiloxane 
copolymers with 25~30% of methylhydrosiloxane repeating units (B),  or 
methylhydrosiloxane-dimethylsiloxane copolymers with 0.5~1.0% of methylhydrosiloxane 
repeating units (C). In general, vinyl terminated polymers are used in addition cure 
systems with a platinum catalyst. The platinum catalyzed hydrosilylation reaction takes 
place between the vinyl groups of A and the Si-H functionalities of B/C. A platinum 
(platinum-divinyltetramethyldisiloxane complex in xylene) was employed for curing 
silicones at room temperature.  
In the studies presented here, either poly(di-n-hexyl)silanes with methoxyl end 
caps (–OCH3) D or poly(di-n-hexyl)silanes with the allyl end caps (-CH2CH=CH2) E 
were added before curing of the silicone network. The two resulting cases are depicted in 
Figure 3.3 and 3.4. When adding E, the reactive end groups are not only located on A but 
also on E. It is anticipated that this results in a complex network of A, E and B/C, i.e. E 
is cross-liked with the polysiloxane matrix. In contrast, poly(di-n-hexyl)silanes without 
reactive end caps (–OCH3) can not cross-link with  B/C, i.e. D is dissolved in the 
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(A) (B: m=25~30%, n=70~75%  
                                                   or C: m=0.5~1.0%, n=99~99.5%) 
   


















































Scheme 3.8 The hydrosilylation reaction between methylhydrosiloxane-dimethylsiloxane 








A and B or A and C 
network 
Poly(di-n-hexyl)silanes 
with –OCH3 end caps 
 
 
Figure 3.3 Network of poly(di-n-hexyl)silanes with –OCH3 end caps, A and B/C 














Figure 3.4 Network of poly(di-n-hexyl)silanes with -CH2CH=CH2 end caps, A and B/C 
                  Note: polysilanes are “cross-linked” with matrix  
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3.2.2 Preparation of Polysilane/Polysiloxane Nanocomposite Networks  
Six different polysiloxane networks were prepared with different degree of cross-
linking: Three networks were prepared from A and B and another three networks were 
prepared from A and C in different ratios. Polysilanes D or E were incorporated into the 
six different polysiloxane networks respectively, giving a total of twelve composites 
(Tables 3.2~3.5).  
In order to prepare a composite, first, A and B/C were combined. Subsequently, 
dissolved poly(di-n-hexyl)silanes in hexane (30mL) was added. After adding dilute 
platinum catalyst complex (0.01µl with hexane 5mL), the resulting mixture was stirred to 
obtain a homogeneous mixture. Experiments were done at room temperature. 
Subsequently, sufficient time was allowed for full curing. For complete curing process, 
networks with B needed two days. However, in case of networks with C, at least ten days 
were needed due to lower mole percentages of methylhydrosiloxanes in C (0.5~1.0%) in 
comparison to B (25~30%) and the high viscosity of the starting compounds. Tables 
3.2~3.5 give the compositions of the twelve composites.  
 
Table 3.2 A, B, and D network compositions 
Composite A B A:B D 
Wt % of D 
in network 
1 5.86 g 0.38 g 4:0.25 0.0076 g 0.122 
2 4.01 g 1.00 g 4:1 0.0065 g 0.130 
3 4.00 g 2.01 g 4:2 0.0075 g 0.124 
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Table 3.3 A, B, and E network compositions 
Composite A B A:B E 
Wt % of E 
in network 
4 5.82 g 0.38 g 4:0.25 0.0076 g 0.122 
5 4.02 g 1.02 g 4:1 0.0065 g 0.130 
6 4.03 g 2.00 g 4:2 0.0075 g 0.124 
 
Table 3.4 A, C, and D network compositions 
Composite A C A:C D 
Wt % of D 
in network 
7 1.97 g 2.02 g 4:4 0.0047 g 0.118 
8 1.04 g 4.05 g 4:16 0.0063 g 0.124 
9 0.28 g 4.02 g 4:57 0.0053 g 0.123 
 
Table 3.5 A, C, and E network compositions 
Composite A C A:C E 
Wt % of E 
in network 
10 1.98 g 1.99 g 4:4 0.0049 g 0.123 
11 1.03 g 4.10 g 4:16 0.0062 g 0.115 
12 0.27 g 4.04 g 4:60 0.0052 g 0.121 
 
Furthermore, in order to confirm that a platinum catalyzed hydrosilylation 
reaction between B/C and E indeed occurs, copolymer networks of B/C and poly(di-n-
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hexyl)silanes D or E were prepared without A (Table 3.6) and the formation of the 
resulting networks was studied with rheological measurements. A, B and E were also 
mixed without a platinum catalyst (Table 3.7). This confirmed that a catalyst is essential 
for the network formation. Furthermore, this allowed the study of the properties of E in a 
viscous (surrounding) solvent. All siloxane polymers and the platinum catalyst complex 
























                             (E)                                                    (B: m=25~30%, n=70~75%  
                                                   or C: m=0.5~1.0%, n=99~99.5%) 
Scheme 3.9 The hydrosilylation reaction between methylhydrosiloxane-dimethylsiloxane  
                    copolymer and allyl end capped polysilane 
 
Table 3.6 B/C and poly(di-n-hexyl)silanes network compositions 
Composite Polysiloxanes Poly(di-n-hexyl)silanes
Wt % of D or E in 
network 
13 B (9.1 g) D (0.0110 g) 0.121 
14 B (12.1 g) E (0.0150 g) 0.124 
Composite Polysiloxanes Poly(di-n-hexyl)silanes
Wt % of D or E in 
network 
15 C (7.8 g) D (0.0141 g) 0.180 
16 C (7.9 g) E (0.0146 g) 0.185 
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Table 3.7 A, B, and E mixture composition 
Composite A B A:B E 
Wt % of E 
in mixture 
17 5.85 g 0.40 g 4:0.25 0.0076 g 0.121 
 
In addition, to compare the behavior of poly(di-n-hexyl)silane in polysiloxane 
networks to that of other polysilanes, two more composites were prepared. 
Poly(methylhexyl)silanes with methoxy and allyl end caps were incorporated into A and 
B network respectively (Table 3.8). 
 
Table 3.8 A, B, and poly(hexylmethyl)silanes (PHMS) network compositions 
Composite A B A:B Poly(hexylmethyl)silane 
Wt % of 
PHMS in 
network 
18 5.86 g 0.39 g 4:0.25 0.0084 g  
(Methoxy end caped) 
0.134 
19 5.86 g 0.40 g 4:0.25 0.0087 g 
(Allyl end caped) 
0.139 
 
3.3 Polyacrylate Networks 
Poly(hexyl)acrylates were employed in a preliminary second set of polymer 
composites. As discussed in previous chapter 2.5, free radical initiates the polymerization 
of poly(hexyl)acrylates. In this research, benzoyl peroxide was used as the free radical 
initiator (Scheme 3.10).  
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Poly(hexylmethyl)silane was dissolved into the hexylacrylate monomer (10 g). 
Subsequently, benzoyl peroxide (5mg) was added. The reactants were placed under inert 
atmosphere and the reaction vessel was sealed. The mixture was heated to 70 °C. Heating 
results in the thermal decomposition of bezoyl peroxide into free radicals which can 
initiate the polymerization. At least three days were needed to complete the 














































Scheme 3.10 Free radical polymerization of poly(hexyl)acrylates (Scheme taken from  
                      ref. 15) 
 
 
Table 3.9 Hexylacrylates and poly(hexylmethyl)silanes (PHMS) network  
                compositions 
Composite Hexylacrylates Benzoyl peroxide Poly(hexylmethyl)silane 
Wt % of 
PHMS in 
network 
20 10 g 0.0053 g 
0.0058 g 
(Methoxy end caped) 
0.058 
21 10 g 0.0048 g 
0.0056 g 




3.4 UV-VIS Absorption Spectroscopy 
For absorption experiments in solution at room temperature, the polysilanes were 
dissolved in hexane or THF. Subsequently, a cuvette (1 cm pathlength) with polysilane 
solution was analyzed using UV/VIS/NIR spectrophotometer (V-570 Jasco Corporation). 
Polysiloxanes network films (0.5 ~ 1.0mm, thickness) were sandwiched in between two 
quartz plates after which they were mounted in the optical path of the spectrophotometer. 
In addition, thermochromism experiments in solution and network film were done with a 
home-built UV/VIS spectrophotometer as shown in Figure 3.5 (consisting of a LINKAM 
THMS 600, hot stage, a fiber optic assembly, UV/VIS sources, a liquid nitrogen cooling 





























Figure 3.5 The UV/VIS spectrophotometer system for thermochromism 
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3.5 Mechanical Properties of Polysiloxanes Network 
For measuring the mechanical properties, a Bohlin VOR rheometer (Bohlin 
Instruments Inc.) was used. This rheometer includes various sub-systems according to 
geometry of equipment. In this research, two types of viscometry systems were 
employed: the concentric cylinder measuring system for liquid and low viscosity 
polymers and parallel plate measuring system for solid polymer films and high viscosity 
polymers. All measurements have been performed with a 90 g cm transducer and 30 mm 





CHAPTER 4. RESULTS AND DISCUSSION 
 
4.1 UV Absorption  
4.1.1 UV Absorption of Polysilanes  
Using the Wurtz-type coupling reaction, poly(di-n-hexyl)silanes (PDNHS) and 
poly(hexylmethyl)silanes (PHMS) have been prepared. Each polysilane was end capped 
with either methoxy (-OCH3) or allyl (-CH2CH=CH2) groups. Thus a total of four 
different polysilanes were obtained. PDNHS is white solid powders, and PHMS is a 
highly viscous white material. The UV absorption characteristics of the polysilanes in 
solution at room temperature have been measured with a UV/VIS/NIR spectrophotometer 
and are shown in Table 4.1. The absorptivity (ε) calculated through Beer’s law is 
obtained from the linear trend line, which is calculated from measurements of at least 
three different concentrations. In the literature, the absorptivity and the wavelength 
maximum of the σ -σ * absorption (λmax) of only methoxy end capped polysilanes can be 
found (Table 4.2).8,37 The observed optical characteristics are in excellent agreed with 
literature data, indicating that all polymerizations were successful. Figures 4.1~4.4 show 
the UV spectra of each polysilane. 
The UV absorption bands of polysilanes in solution at room temperature are 
dependant on the substituents. With the introduction of symmetry in the substitution 
pattern, the wavelength maximum (λmax) shifts to longer wavelength. For example, the 
wavelength maximum of PHMS is 306 nm. However, in PDNHS, wavelength maximum 
shifts to 316~317 nm.  
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Table 4.1 The absorptivity and the wavelength maximum (λmax) of the various  
                  synthesized polysilanes 
Polymer 






Poly(di-n-hexyl)silanes -OCH3 hexane 9.6 × 103 317 
Poly(di-n-hexyl)silanes -CH2CH=CH2 hexane 11.9 × 103 316 
Poly(hexylmethyl)silanes -OCH3 THF 7.2 × 103 306 




Table 4.2 The absorptivity and the wavelength maximum (λmax) of polysilanes as reported  
                 in literature8,37 
Polymer 






Poly(di-n-hexyl)silanes -OCH3 THF 97008 31637, 3178 
Poly(hexylmethyl)silanes -OCH3 THF 57008 3068,37 
 
 
Allyl end capped polysilanes have the same wavelength maximum as methoxy 
end capped polysilanes. However, the end capped materials result in the different 
absorptivities. The absorptivities of allyl end capped polysilanes are always higher than 
those of the methoxy end capped polysilanes. The difference of chain length may be 
responsible for this effect. Two quenching reactions have been used (see Scheme 3.6 and 
3.7). For allyl end capped polysilanes, a Grignard reagent reacts with the terminal Si-Cl 
groups of the polysilanes without affecting the Si-Si bonds. In contrast, hydrogen 
chloride, the by-product of the reaction of Si-Cl groups and methanol can break Si-Si 
bonds. These harsh quenching conditions result in the reaction in chain length, as 
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reflected in the absorptivities. Therefore, it is expected that the longer chain length of 
polysilanes end capped using grignard reagents allows those polymers to have higher 


















































































Figure 4.4 The UV spectrum of poly(hexylmethyl)silane with an allyl end cap in THF 
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4.1.2 UV Absorption of Polysiloxane/Polysilane Composites 
As mentioned in chapter 3, fourteen polysilanes/polysiloxane composites have 
been prepared. PDNHS and PHMS with either allyl or methoxy end groups are used as 
the polysilanes. After curing, the UV absorption characteristics of the 
polysilane/polysiloxane composite have been measured. Figures 4.6~4.9 show the results 
of the optical spectroscopy measurements of PDNHS/polysiloxane composites. Sample 
thickness is 0.5 ~ 1.0mm. 
 PDNHS exhibits four types of conformations depending on the surrounding 
medium as well as physical properties such as temperature and pressure. In solution at 
room temperature, the wavelength maximum of PDNHS is 317 nm, as a result of the 
presence of a helix conformation. With decreasing temperature, solutions of PDNHS 
exhibit thermochromism, which is evident as an abrupt red shift to 370 nm of the 
wavelength maximum at -30 °C.43 This wavelength shift indicates that in low temperature 
solutions the conformation of PDNHS is dominated by a trans planar conformation. In 
the solid state, PDNHS exhibits a trans planar conformation with the wavelength of 370 
nm at room temperature. Furthermore, it has been observed that the application of high 
pressure in the solid state results in a shift of the wavelength maximum of PDNHS to 350 
nm signifying a conformational change from trans planar to TGTG’.40 
Of all conformations of alkyl substituted polysilanes, the trans planar one with an 
associated wavelength maximum at 370 nm, is the most ordered. On the other hand, very 
disordered systems with a random coil conformation display a wavelength maximum at 
much lower wavelength. For example, extremely disordered non-ionic water-soluble 
polysilanes, i.e. poly(4,7,10,13-tetraoxatetradecylmethyl)silane in aqueous solutions 
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exhibits a wavelength maximum around 280 nm.22 As a result, UV spectroscopy gives an 
excellent indication of the backbone conformation of polysilanes in general and PDNHS 
in particular.  
 
Table 4.3 The correlation between the conformation and the wavelength maximum of the  
                  σ -σ * transition in alkyl substituted polysilanes  
Conformation Wavelength Maximum 
trans planar ~ 370 nm 
TGTG’ ~ 350 nm 
7/3 helix ~ 317 nm 
random coil < 300 nm 
 
The fact that the chain conformation of polysilanes is extremely sensitive for 
external stimuli allows polysilanes to be used as probes in other systems. As previously 
discussed, polysilanes absorb radiation in the ultraviolet due to a σ-σ* electronic 
transition associated with the extensive delocalization of charges along the silicon 
backbone. This σ-σ* electronic transition is dependent on the polysilane backbone 
conformation, which itself is, as mentioned above, sensitive to external stimuli such as 
temperature and pressure. Whereas such stimuli responsive behavior has been studied in 
detail, the effect of the mechanical properties of the surrounding medium has been thus 
far unexplored. In this thesis, various matrices have been used and their effect on the σ-
σ* electronic transition has been studied. It is expected that the surrounding medium has 
an impact on the polysilane backbone conformation, resulting in a change in the σ-σ* 
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electronic transition. This idea can be further developed to obtain a correlation between 
the optical and the mechanical properties of composites of polysilane and other polymer 
systems.  
Figure 4.5 depicts the various silicon backbone molecular structures of PDNHS. 
The silicon backbone of the trans planar, gauche, and helix structure has a torsion angle 
of 180º, ± 60º, and 150º respectively. In 7/3 helix, seven catenated silicon atoms in the 
main chain form the polymer unit cell, rotating three times around the chain helical axis. 














                   (c)                                                                           (d) 
 
Figure 4.5 The backbone conformation of polysilanes (a) trans planar conformation,  
                  (b) alternating trans-gauche (TGTG′) conformation, (c) 7/3 helix  
                   conformation, (d) random coil conformation (Figure taken from ref. 68) 
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The UV spectroscopy of the polysilane/polysiloxane composites gives a direct 
indication of the conformation of PDNHS in the polysiloxane matrix. Figure 4.6 shows 
the UV spectra of 1~3 (Table 4.4). The UV absorption spectrum of 1 displays a large 
band (λmax = 300 nm) and a shoulder at longer wavelength. Apparently various distinct 
conformations are present (cf. Table 4.3). The oscillator strength of each transition is 
dependent on the relative fraction of polymer repeating units in a particular conformation. 
The dominant 300 nm absorption maximum of 1 is due to a contribution of the random 
coil (290 nm) and 7/3 helix (317 nm) conformations. This reflects the presence of a 
distorted helical conformation, i.e. a mixture of 7/3 helix and random coil segments. The 
355 nm shoulder is clearly composed of two absorption maxima, indicating that segments 
with TGTG’ (350 nm) and trans planar (370 nm) conformation are present. The 
difference in intensity between the larger peak and the shoulders indicate that the 
conformation of 1 is predominantly a distorted helix (random coil and 7/3 helix) and that 
smaller portions of the backbone have a TGTG’ and a trans planar conformation. This 
presence of multiple conformations of the PDNHS in the polysiloxane matrix is 
remarkable since usually only one conformation (absorption maximum) of PDNHS is 
observed both in solution and in the solid state at room temperature. As a result, these 
unusual multiple conformational contributions have to be an effect of the surrounding 
matrix. However, the exact “concentrations” of the various conformations are difficult to 
establish, as the contributions are highly sensitive to the external temperature and thermal 
history of the sample (see chapter 4.3).   
The UV absorption spectrum of 2 shows a large resemblance with that of 1. The 
only observable difference is a minor change in the shape of the shoulder. In the UV 
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spectrum of 3, only the σ -σ * transition, which is associated with the distorted helical 
conformation, can be observed without a shoulder. Apparently, whereas for 1 and 2 the 
conformational freedom of the polsilanes in the matrix is limited and the backbone is 
“forced” in a variety of conformations, 3 offers sufficient conformational freedom to 
obtain a distorted helical conformation only. In all cases the polysilane concentration is 
approximately equal, indicating that the differences in the optical characteristics arise 
from differences in the structures of the surrounding matrix. 
Tables 4.4 and 4.5 show the composition of the starting components and the 
degree of cross-linking for composites 1 ~ 12. Only very small amounts (below 0.13 wt 
%) of PDNHS are incorporated into all composites (see Tables 3.2 ~3.5). Therefore, the 
added PDNHS is expected to have virtually no effect on the network 
composition/structure as a result of the very low concentration of PDHNS. Hence, only A 
and B/C are considered to calculate the degree of cross-linking. In addition, the 
molecular weight of PDNHS is very high, i.e. from 1.43 × 106 to 1.66 × 106 (see Table 
3.1), resulting in few available allyl end caps in the case of 4~6.  
The degree of cross-linking can be defined as the number of theoretical cross-
links divided by the total number of repeating units. In this experiment, it is assumed that 
the hydride groups from B are in excess and all vinyl groups from A react. From Table 
4.4, it is evident that the degree of cross-linking slightly decreases upon going from 1 to 





Table 4.4 A and B composite compositions 













1 0.0002089 0.00019 0.0004178 0.00141 0.499 
2 0.0001432 0.00050 0.0002864 0.00371 0.425 
3 0.0001429 0.00101 0.0002857 0.00764 0.353 
4 0.0002079 0.00019 0.0004157 0.00141 0.499 
5 0.0001436 0.00051 0.0002871 0.00379 0.424 
6 0.0001439 0.00100 0.0001407 0.00742 0.355 
*Molecular weight of A: 28000  **Molecular weight of B: 2000 
 
Table 4.5 A and C composite compositions 













7 0.0000704 0.000037 0.0001407 0.000204 0.262 
8 0.0000371 0.000074 0.0000743 0.000410 0.108 
9 0.0000100 0.000073 0.0000200 0.000407 0.034 
10 0.0000707 0.000036 0.0001414 0.000201 0.264 
11 0.0000368 0.000075 0.0000736 0.000415 0.106 
12 0.0000096 0.000073 0.0000193 0.000409 0.033 
*Molecular weight of A: 28000  **Molecular weight of C: 55000 
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In view of the UV-absorption spectra of 1~3, this suggests that at degrees of 
cross-linking in the 0.4 ~ 0.5% range, multiple conformations exist, whereas at lower 
degree of cross-linking, i.e. 0.35 % the additionally available conformational freedom 
allows the polymer to adapt a distorted helical conformation. 
Composites 4~6 have an identical composition to 1~3. Similar UV spectra are 
observed for 4~6 as for 1~3. Again the TGTG’ and trans planar conformation are only 
visible in 4 and 5, whereas the distorted helical conformation is present in 4~6 (Figure 
4.7). It is remarkable that no effect from the differences in the end-capping of the 
polysilanes is observed in the UV-VIS absorption properties. Apparently the overall 
polysilane conformation is not affected by cross-linking with the matrix. That cross-
linking actually occurs is evident from additional experiments on composites 13~16 (see 
chapter 4.2.1).    
For 7~12, C, methylhydrosiloxane-dimethylsiloxane copolymers with 0.5~1.0% 
of methylhydrosiloxane, are used instead of B. In addition to a lower 
methylhydrosiloxane ratio, C has a higher molecular weight (55000) than B (2000). The 
compositions of 7~12 are shown in Tables 3.4 and 3.5. The similarity of Figure 4.8 and 
Figure 4.9 indicates that also in 7~12 there is little effect of the nature of the polysilane 
end cap. 7 and 10 show one peak at 300 nm with a shoulder at 355 nm. This fact indicates 
that the composites of 7 and 10 predominantly have a distorted helical conformation, with 
some of the segments in a TGTG’ conformation. Whereas in 11 still a remnant of the 
shoulder at 355 nm is present, in the remainder of the composites (8, 9 and 12), only the 
300 nm absorption maximum is visible. This indicates that the silicon backbone of 8, 9, 
11 and 12 adapts a distorted helical conformation.  
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Figure 4.6 The UV spectra of polysilane/polysiloxane composites 1, 2 and 3 
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Figure 4.8 The UV spectra of polysilane/polysiloxane composites 7, 8 and 9 
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Figure 4.9 The UV spectra of polysilane/polysiloxane composites with 10, 11 and 12 
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It is interesting to rationalize the results in terms of the degree of cross-linking. In 
going from 7 to 9, the degree of cross-linking reduces significantly (see Table 4.5). This 
indicates that for composites 7~12 a similar relationship exists between the degree of 
cross-linking and the optical properties as observed for 1~6 (vide supra). Apparently at 
degrees of cross-linking around 0.26 % two conformations exists, at lower degrees of 
cross-linking (i.e. below 0.11 %) the additionally available conformational freedom again 
allows the polymer to adapt a distorted helical conformation and no other conformations 
are present. 
It is also interesting to note that the relationship observed for 7~12 is not 
completely in agreement with the one observed for 1~6. This can have various reasons. 
For example, it is possible that not only the degree of cross-linking but also the 
distribution of the cross-linking throughout the matrix plays a role. However, in view of 
the high molecular weight of the polysilanes (cf. chapter 3), such an effect is unlikely (i.e. 
the average degree of polymerization of polysilanes is much larger than that of A, B and 
C). Instead it is more likely that the addition of large excesses of B (in the case of 
composites 3 and 6) causes the observed behavior. In composites 3 and 6, B is present in 
over 25 % excess, which indicates that a large amount of B, which has only a low 
molecular weight of 2000, remained uncross-linked in the matrix. This uncross-linked B 
will act as a plasticizer, thus accounting for the increased conformational freedom of the 
polysilanes, as observed in 3 and 6. 
Based on the UV-VIS spectroscopic data, it can therefore be concluded that direct 
correlations exist between the structure of the polysiloxane matrix (i.e. the degree of 
cross-linking) and the conformation of small amounts of added polysilanes (see Table 
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4.6). Hence, polysilanes are suitable to probe the structure of other polymers. To further 
understand this relationship, the mechanical properties of the composites have been 
studied in more detail (cf. chapter 4.2). It is expected that the mechanical properties 
correlate with the degree of cross-linking. 
    
Table 4.6 Relationship between the conformation of small amounts of added PDNHS and  
                the degree of cross-linking of the surrounding matrix 
Degree of cross-linking 
of matrix (%) 
PDNHS conformation λmax (nm) 
0 ~ 0.1 distorted helix 300 
0.1 ~ 0.3 distorted helix and TGTG’ 300, 350 
0.3 and higher distorted helix, TGTG’ and trans planar 300, 350, 370 
 
4.2 Mechanical Properties  
4.2.1 The Cross-linking of Polysilanes with Hydride Functional Polysiloxanes  
In this research, as discussed previously, two hydride functional polysiloxanes 
have been used to make composites: i.e. methylhydrosiloxane-dimethylsiloxane 
copolymers with 25~30% of methylhydrosiloxane, B, and methylhydrosiloxane-
dimethylsiloxane copolymers with 0.5~1.0% of methylhydrosiloxane, C. The viscosity of 
B (0.025~0.035 Pas)13 is lower than that of C (6~8 Pas)13. For the cross-linking, a 
platinum catalyst complex has been added.  
Since the UV-VIS spectroscopy results for 1~12 did not reveal an effect of the 
type of end-capping (cf. chapter 4.1.2), four additional composites have been prepared to 
verify that the allyl end caps on the polysilanes cross-link with the polysiloxane hydride 
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functionalities (13~16, Table 3.6). These composites have been prepared without the 
presence of vinyl-terminated polysiloxanes. Hence, if cross-linking is observed, it has to 
involve the polysilane end groups. 
For B, and mixtures with B, viscosity measurements have been performed with 
the concentric cylinder measuring system. The parallel plate measuring system has been 
used for C and mixtures with C. The rheological results for B and mixtures with B are 
shown in Figure 4.10. The viscosity of B (0.025~0.039 Pas) is identical to the literature 
value. Furthermore, there are no substantial differences between the viscosity of B and 
the viscosity of the mixture with B and small amounts of D (13) even after 12 days of 
reaction time. This is not surprising since D has no reactive allyl end caps to react with 
the reactive hydrogen atoms of B.  However, the viscosity of the mixture of B and small 
amounts of E (14) substantially increases after reacting for 12 days to 0.057 Pas. This 
higher viscosity indicates that, as expected, the allyl groups of E react with the hydrogen 
atoms of B. A similar observation can be made for the mixture of C and small amounts of 
D (15) and the mixture of C and small amounts of E (16). The viscosity of 16 is higher 
than 15 or C over the entire range of shear rates after reacting for 16 days (Figure 4.11). 
The viscosities of C and 15 are 6.68~13.2 Pas and 7.46~9.64 Pas respectively whereas 
the viscosity of 16 is over 14.8 Pas. Figures 4.12 and 4.13 show the time dependent 
viscosity values of 14 and 16 respectively. 
These experiments positively confirm that a hydrosilylation reaction occurs 





















































































Figure 4.13 The viscosity of 16 vs. curing time 
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As a result of this hydrosilylation reaction, it can be expected that both B and C react 
with the end groups of polysilanes with the allyl end caps i.e. E in the polymer 
composites (Scheme 4.1). However, it should be noted that this reaction is extremely 
slow (after 12~16 days there is still an increase in viscosity). Hence, it is not expected 
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Scheme 4.1 The hydrosilylation reaction between the methylhydrosiloxane- 
                    dimethylsiloxane copolymers and PDNHS end capped with allyl groups  
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Therefore, both polymers with vinyl groups, A, and allyl groups, E, can make cross-
linking with the reactive hydrogen atoms of B/C, indicating that polysilanes with 
methoxy end caps are dissolved (and not cross-linked) in composites 1~3 and 7~9, 
whereas polysilanes with allyl end caps are likely at least partially cross-linked in 
composites 4~6 and 10~12 (see Figures 3.3~3.4).  
4.2.2 The Mechanical Properties of Composites of Polysiloxanes and Poly(di-n- 
          hexyl)silanes  
Visco-elastic materials are characterized by two dynamic moduli, an elastic (or 
storage) modulus G′ and a viscous (or loss) modulus G″. Both moduli have been 
measured for 1~12 using oscillatory mode rheology with the parallel plate measuring 
system. Sample thickness ranged from 0.5 mm to 1.0 mm. The results of G′ and G″ of 
1~12 are plotted against the frequency ω with logarithmic scales (Figures 4.14~4.17). 
Table 4.4 and 4.5 show G′ values and G″ values at the lowest and the highest frequency. 
Whereas composites 1~8, 10, and 11 are relatively “hard” and allow an accurate 
measurement of the visco-elastic properties, composites 9 and 12 are very soft and 
mounting between the parallel plates is expected to give less accurate results. The data 
presented in this chapter for 9 and 12 are typical results, although the error in the 
presented values is high.  
The modulus G′ is defined as the stress in phase with the strain in a sinusoidal 
shear deformation divided by the strain and the modulus G″ is defined as the stress 90 ˚ 































































































Figure 4.17 Dynamic moduli: G′ (filled); 10, ●; 11, ■; 12, ▲. G″ (open); 10, ○; 11, □; 
                      12, ∆ 
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1 2 3 4 5 6 
0.009 62000 22000 10000 42000 18000 7500 
G′ 
20 72000 25000 18000 45000 21000 11000 
G′(20)/ G′(0.009) 1.16 1.14 1.80 1.07 1.17 1.47 
0.009 2800 280 300 550 210 200 
G″ 
20 7000 1200 4900 1700 730 2000 
G″ (20)/ G″(0.009) 2.50 4.29 16.33 3.09 3.48 10 
 




7 8 9 10 11 12 
0.009 19000 12000 9500 20000 12000 6000 
G′ 
20 26000 21000 11000 29000 16000 6000 
G′(20)/ G′(0.009) 1.37 1.75 1.16 1.45 1.33 1.00 
0.009 1900 300 1000 2700 270 590 
G″ 
20 1100 5100 2100 2400 2100 1100 
G″ (20)/ G″(0.009) 0.58 17 2.10 0.89 7.78 1.86 
 
According to this definition, G′ quantifies the energy stored and recovered in the elastic 
response per cycle and G″ quantifies the energy dissipated or lost as heat in the viscous 
response per cycle. All composites reveal the viscous response as well as the elastic 
response. In all composites over the entire range of frequencies, G′ is relatively flat (G′ 
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(20)/ G′ (0.009) ≤ 1.80). In contrast G″ exhibits substantial changes over the frequency 
range (G″ (20)/ G″ (0.009) ranges from 0.58 to 17). In addition G′ is always larger than 
G″, indicating that the behavior of the composites is much more elastic than viscous, i.e. 
the elastic properties dominate. 
In going from 1 to 3, values of G′ decrease over the entire range of shear rates, 
indicating that composites are less elastic with increasing addition of B (see Table 3.2 
and 3.3). It can be expected that 3 is less elastic and 1 is more elastic. The G″ graphs are 
also different for 1, 2 and 3 (Figure 4.14). The G″ graph of 1 has small changes. 
However, the G″ of 3 is dependent on frequency over an entire frequencies region with 
the largest changes of G″ among three composites (1~3). The behavior of 2 is similar to 1 
and 3 at the low frequency range and at the high frequency range, respectively.  
Although 4~6 include allyl group end caped polysilanes instead of methoxy end 
caped polysilanes, the behavior of G′ and G″ of 4~6 are very similar to those of 1~3 
(Figure 4.15). Hence, the effect of the different polysilane end caps is not observed in the 
rheology experiments. The UV-VIS measurement also did not reveal a difference (cf. 
4.1.2), indicating that no noticeable differences in the nanocomposite structure exist in 
1~3 and 4~6. 
 Figures 4.16 and 4.17 illustrate dynamic moduli for composites 7~9 and 10~12, 
respectively. A and C are employed for composites 7~12. The similarity of Figure 4.16 
and Figure 4.17 indicates that also in 7~12 there is no noticeable effect of the polysilane 
end cap. From 7 to 9 or from 10 to 12, decreasing values of G′ are observed over the 
entire range of shear rates with increasing C composition (see Table 3.4 and Table 3.5). 
This indicates that composites are again less elastic with increasing addition of C. For 
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G″, the larger changes of 8 and 11 than those of 7 and 10 exhibit with the adding of C. 
However, the G″ of 9 and 12 deviated from what has been observed in previous series 
composites. G″ behaviors of 9 are between 7 and 8 and those of 12 are between 10 and 
11. As mentioned, this deviation can result from the limited accuracy of the experiments.  
It is interesting to relate the degree of cross-linking and the optical properties to 
the above results. It appears that in 1~12 the degree of cross-linking is correlated to G′. A 
decrease in the degree of cross-linking is reflected in a decrease in G′ (see Table 4.4, 4.5 
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Figure 4.18 The relationship between G′ and the degree of cross-linking 
  
An exception on the above relationship forms 3. In the case of 3, the discussion as 
presented in chapter 4.1.2 that the large excess of B acts as a plasticizer gives a 
reasonable explanation of why 3 deviates. As a result, it is evident that the mechanical 
behavior can be correlated with the degree of cross-linking.  
 71
It is noteworthy that the fact that the mechanical properties and the degree of 
cross-linking can be correlated directly implies that the optical properties of small 
amounts of added polysilanes can be correlated to the mechanical properties of the 
surrounding polymer matrix. For example, a value for G′ higher than 25000 (i.e. 1, 2, 4 
and 5) correlates to the presence of a distorted helical, a TGTG’ and a trans planar 
conformation of the polysilane probe backbone. Around 20000 to 25000 is a critical point 
(i.e. 7 and 10), at which the polysilane backbone exhibits only a distorted helical and a 
TGTG’ conformation. Furthermore, when G′ is below 20000 (i.e. 3, 6, 8, 9, 11 and 12) 
the polysilane has only a distorted helical conformation. It is also an interesting fact that 
this correlation is valid for all composites (1~12) without any exceptions. 3 and 6 are 
exceptions in the relationship between the conformation of small amounts of added 
PDNHS and the degree of cross-linking. This is in contrast to the relationship between 
the degree of cross-linking and the polysilane probe backbone conformation, as observed 
from UV-VIS spectroscopy. UV-VIS spectroscopy indicated that 3 and 6 did not follow 
this relationship due to plasticizer effects (cf. chapter 4.1.2). Hence it is clear that it is 
better to correlate the polysilane probe backbone conformation to the mechanical 
properties (i.e. G′) than directly to the degree of cross-linking. 
Therefore, it can be concluded that the backbone conformation of small amounts 
of added polysilanes and the mechanical properties of the polysiloxane matrix have a 
direct correlation. In addition, this correlation between the optical properties of the 
polysilanes and the mechanical properties of matrix supports our claim that polysilanes 





Table 4.9 Relationship between the conformation of small amounts of added PDNHS and  
                the mechanical properties of the surrounding matrix 
G′ of matrix  PDNHS conformation λmax (nm) 
Below 20000 distorted helix 300 
Around 25000 distorted helix and TGTG’ 300, 350 
Above 25000 distorted helix, TGTG’ and trans planar 300, 350, 370 
 
4.3 Thermochromism 
Thermochromism experiments of the composites were done with a home-built 
UV/VIS spectrophotometer (Figure 3.6). The temperature range for the heating and 
cooling experiments was -40°C to 90°C. Cooling and heating experiments were 
performed separately.  
4.3.1 The Thermochromism of Polysilanes in Hydride Functional Polysiloxanes 
Temperature dependent UV-absorption spectra of 13 and 14 are shown in Figures 
4.19~4.22. In 14, the polysilanes cross-link with hydride functional polysiloxanes see 
chapter 4.2.1), in contrast to 13, in which the polysilanes are only dissolved. The spectra 
are very similar and exhibit abrupt shifts. Upon cooling of 13 and 14, from 90°C to -10°C 
a gradual decrease in the intensity of the σ -σ * absorption (λmax 309 nm) is observed. 
Subsequently, temperature changes from -10°C to -30°C result in an abrupt shift of the 
absorption maximum from 309 to a broad band at 350~375 nm, indicating 
conformational changes to the TGTG’ and the trans planar conformation. Further 
cooling, below -30°C, does not result in any further changes in the absorption spectrum. 
Subsequently, upon heating 13 and 14, reversible behavior is observed with obvious 
 73
hysteresis. The hypsochromic shift of the wavelength maximum starts at 20°C and above 
40°C only the 309 nm wavelength maximum is observed. The similarity of the 
thermochromism of 13 and 14 indicates that the cross-linking of the allyl end caped 
polysilanes and the hydride functional polysiloxanes has no obvious impact on the 
thermochromism. Table 4.10 summarizes the thermochromism of 13 and 14.  
 
Table 4.10 The wavelength maximums and the phase transition temperatures associated  
                   with the  thermochromism of 13 and 14                     
13 and 14 
 
Cooling Heating 
λmax (low temperature) 309 nm (>-10°C) 309 nm (> 40°C) 
Phase transition -10 ~ -30°C 20 ~ 40°C 
λmax (high temperature) 350 nm (<-30°C) 350 nm (< 20°C) 
 
The temperature dependent UV-absorption spectra of 13 and 14 are different from 
the those of poly(di-n-hexyl)silane in solution (Figure 2.3). The thermochromism of 
poly(di-n-hexyl)silane has a lower phase transition temperature and a reversible  
narrower range for this transition temperature (i.e. from  -30°C to -40°C) than 13 and 14. 
Furthermore, the high temperature wavelength maximum is 317 nm, indicating that in 
solution, the “disordered” phase still maintains a 7/3 helical conformation. These 
differences possibly result from differences in the mean free energy of the rotational 
defect formation. Assuming that the composites can be treated as a solution of a 

















Figure 4.19 Temperature dependent UV-absorption spectra of 13 upon cooling 
 































Figure 4.21 Temperature dependent UV-absorption spectra of 14 upon cooling 
 














Figure 4.22 Temperature dependent UV-absorption spectra of 14 upon heating 
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order-disorder transitions of polymers in solution can be used. According to this theory, 
VD represents the electronic interaction between the polysilane and the polysiloxane 
matrix and ε is the mean free energy of the rotational defect formation of the polysilanes. 
It is assumed that ε in this system is larger than that in solution as a result of the fact that 
the cross-linked polymer matrix as the surrounding polarizable local medium does not 
give enough conformational freedom to the polysilanes in comparison to a common 
solvent. Furthermore, if the degree of cross-linking of the polymer matrix is not 
homogeneously distributed, ε is not identical throughout the sample. These different local 
surroundings of the polymer matrix can explain why in many cases multiple 
conformations, i.e. a random, a 7/3 helical, a TGTG’ and a trans planar conformation, are 
found.  
4.3.2 The Thermochromism of Polysilane/Polysiloxane Composites 
Temperature dependent UV-absorption spectra of all of PDNHS/polysiloxane 
composites exhibit abrupt thermochromic shifts. These shift are reversible and exhibit 
hysteresis. Figures 4.23~4.28 show typical temperature dependent spectra of 2, 5 and 11 
as representative examples. Composites 2 and 5 represent highly cross-linked matrices 
with PDNHS containing methoxy and allyl end caps respectively. 11 represents relatively 
matrices with a lower degree of cross-linking containing PDNHS with allyl end caps. It 
should be noted that Figures 4.23~4.28 show a relatively large scattering background, as 
a result of the turbidity of the samples, especially at low temperature. The wavelength 
maximums and the phase transition temperatures of 1 ~ 12 are summarized in Table 4.11. 
The thermochromic behavior of PDNHS in the composites is more complex than the 
well-known thermochromism of PDNHS in solution and solid state.  
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Upon cooling, the λmax of the σ -σ * absorption of all composites exhibits a shift 
to longer wavelength. At evaluated temperature (90°C), the wavelength maximum is 
located around 300 nm, indicating a distorted helical (random coil and 7/3 helix) 
conformation. As discussed in chapter 4.2.1 in some cases, depending on the degree of 
cross-linking, an additional shoulder is present at longer wavelength representing TGTG’ 
and trans planar sequences in the backbone. Upon cooling, the intensity of the 300 nm 
band gradually decreases whereas the longer wavelength shoulder remains virtually 
unaffected (Figures 4.25 and 4.27) or even increases (Figure 4.23). Upon further cooling 
below room temperature, around -5°C an abrupt bathochromic shifts occur from 300 nm 
to 350~370 nm. This indicates that at low temperature, the silicon backbone completely 
changes to a mixture of TGTG’ and trans planar conformations.  
Upon heating, before the reverse abrupt bathochromic shift occurs, the shape of 
the 350~370 nm band changes. This change is more obvious in 5 than in 2 and 11. In 5, at 
the beginning of heating (-40°C), a distinct absorption maximum is visible at 350 nm. 
Subsequently, around 15°C the intensity of this transition decreases whereas the 
absorption associated with the trans planar conformation at 370 nm remains unchanged. 
This indicates that very low temperatures cause the composites to be somewhat distorted.  
This distortion of the surrounding media has a larger influence in the highly cross-linked 
composites containing the allyl end capped PDNHS than in other composites. 
In addition, isosbestic points appear at high temperature and low temperature 
upon heating. Before the starting point of the reverse phase transition temperature (i.e. 
30°C), an isosbestic point is observed around 325 nm. Subsequently, an abrupt blue shift 
occurs from 370nm to 300 nm at 40°C. After this reverse phase transition, another  
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Figure 4.23 Temperature dependent UV-absorption spectra of 2 upon cooling 


































Figure 4.25 Temperature dependent UV-absorption spectra of 5 upon cooling 



































Figure 4.27 Temperature dependent UV-absorption spectra of 11 upon cooling 




















isosbestic point is observed around 320 nm. The presence of isosbestic points indicates 
that a well-defined transition between two distinct chromophores takes place.  
 
Table 4.11 The wavelength maximums and the phase transition temperatures associated  
                   with the thermochromism of 1 ~ 12  
1 and 12 
 
Cooling Heating 
λmax (low temperature) 300 nm (> 5°C) 300 nm  (> 40°C) 
Phase transition 5 ~ -5°C 30 ~ 40°C 
λmax (high temperature) 360~370 nm   (<-5°C) 350~370 nm (< 30°C) 
 
Two additional composites were prepared to investigate the viability of the use of 
other polysilanes as nanocomposites. PHMS, an asymmetrically substituted polysilane 
was chosen as a representative example. Although thermochromism was observed in 
these two PHMS/polysiloxane composites, 18 and 19 (Figures 4.29~4.32), the observed   
continuous shift is similar to the solution thermochromism previously discussed (cf. 
chapter 2.2.1). This fact indicates that the presence of an abrupt thermochromic shift does 
not depend solely on the surrounding media but also on the physical properties of the 
employed polysilanes. Apparently, in asymmetrically substituted polysilanes, the 
backbone structure is much less sensitive for external stimuli. Hence, symmetrically 
substituted PDNHS is more sensitive and therefore better suitable as a probe than 

















Figure 4.29 Temperature dependent UV-absorption spectra of 18 upon cooling 






























Figure 4.31 Temperature dependent UV-absorption spectra of 19 upon cooling 































Figure 4.33 Temperature dependent UV-absorption spectra of 17 upon cooling 














Figure 4.34 Temperature dependent UV-absorption spectra of 17 upon heating 
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A viscous mixture (17), 5 without catalyst, has been prepared for additional 
thermochromic measurements to study the effect of viscosity on the thermochromism. 
This mixture will have a higher viscosity as compared to 14 due to the addition of A. It 
appears that the thermochromism of 17 is “between” that of 14 and that of 5 (Table 4.12). 
 
Table 4.12 The wavelength maximums and the phase transition temperatures associated  




λmax (low temperature) 309 nm (>5°C) 309 nm (> 40°C) 
Phase transition 5 ~ -5°C 30 ~ 40°C 
λmax (high temperature) 350 nm (<-5°C) 350 nm (< 30°C) 
 
The wavelength maximum and the phase transition temperatures of 17 are very 
similar to those of 5 (Figure 4.33 and 4.34). A somewhat flat and broad shoulder appears 
at longer wavelength upon cooling. However, a continuous shift at low temperature and 
an isosbestic point are not observed upon heating. It is expected that the higher viscosity 
of 17 in comparison to 14 results in the shoulders. Hence the appearance of shoulder in 
the UV-absorption spectrum of PDNHS is dependent on visco-elastic properties of the 
surrounding media. This is in agreement with our previous observation.    
4.3.3 The Thermochromism of Polysilane/Polyacrylate Composites 
To study whether it is possible to employ the polysilane nanoprobes in a wider 
range of polymer matrices, two polysilane/polyacrylate composites have been prepared. 
Poly(hexyl)acrylate was used as a representative example of a polyacrylate network.  
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Figure 4.35 Temperature dependent UV-absorption spectra of 20 upon cooling 






























Figure 4.37 Temperature dependent UV-absorption spectra of 21 upon cooling 



















Allyl end capped and methoxy end capped PHMS were employed in 20 and 21 
respectively. The obtained composites are highly viscous and very tacky materials. 
Subsequently, preliminary temperature dependent UV spectroscopy measurements of 
both 20 and 21 have been performed (Figures 4.35~4.38). Upon cooling, a continuous 
bathochromic shift of the σ -σ * transition of the dissolved PHMS in the polyacrylate 
matrix is observed. This behavior is reversible. It is noteworthy that the polysilane 
apparently survived under these harsh polymerization conditions i.e. a free radical 
polymerization. As a result, this indicates that polysilanes can be used as probes in a wide 
variety of polymer systems. Further experiments are needed to establish a correlation 
between the optical properties of the polysilane nanoprobes and the mechanical 
properties of the polyacrylate matrix. It should be noted that PHMS and PDNHS are 
apolar polysilanes. However, many existing polymer systems such as many of the 
available polyacrylates are more polar. Hence, to further increase the applicability of 
polysilane nanoprobes, polar polysilanes need to be developed. 
 
 
CHAPTER 5. CONCLUSIONS 
 
Solution UV-spectroscopy indicates that allyl end capped polysilanes have the 
same wavelength maximum as methoxy end capped polysilanes. However, the nature of 
the end cap results in different absorptivities. The absorptivities of allyl end capped 
polysilanes are always higher than those of the methoxy end capped polysilanes. The 
difference of chain length as a result of the end-cap process is responsible for this effect. 
From the UV spectra of polysilane/polysiloxane composites, it can be derived that 
direct correlations exist between the structure of the polysiloxane matrix and the 
conformation of small amounts of added polysilanes. The degree of cross-linking plays 
an important role in understanding the structure of the polysiloxane matrix. However, no 
effect in the UV-VIS absorption properties is observed from the differences in the end-
capping of the polysilanes. In addition, evidence has been found that a hydrosilylation 
reaction does occur between the allyl groups of PDNHS and the reactive hydrogen atoms 
of polysiloxane. As a result, it can be expected that polysilanes with the allyl end caps 
cross-link at least partially with the polysiloxane matrix. 
Rheological measurements indicate that the mechanical properties and the degree 
of cross-linking in the polysilane/polysiloxane composites are directly correlated. This 
implies that the optical properties of small amounts of added polysilanes can be 
correlated to the mechanical properties of the surrounding polymer matrix. Furthermore, 
this correlation confirms that polysilanes are suitable to probe the properties of complex 




Table 5.1 Relationship between the conformation of small amounts of added PDNHS and  
                the mechanical properties of the surrounding matrix 
G′ of matrix  PDNHS conformation λmax (nm) 
Below 20000 distorted helix 300 
Around 25000 distorted helix and TGTG’ 300, 350 
Above 25000 distorted helix, TGTG’ and trans planar 300, 350, 370 
 
In all composites, thermochromism of the polysilane probes is observed. The 
reduced degree of conformational freedom of the polysilanes in the composites results in 
different transition temperatures as compared to polysilanes in the solid state and in 
solution. In addition, at high temperature, a shoulder at longer wavelength is observed. 
Furthermore, the behavior of thermochromism of PDNHS in composites is dependent on 
the visco-elastic properties of the polysiloxane networks. This indicates that the 
temperature dependant properties of the polysilane nanoprobes give further insight in the 
mechanical properties of the surrounding matrix. 
Preliminary experiments indicate that the employment of polysilane nanoprobes is 
not limited to polysiloxane matrices. The polysilanes can also be dissolved in acrylate 
monomers, which are subsequently polymerized. Hence, in the future, it will be possible 
to study the mechanical properties of a wide range of materials using polysilane 
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